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Abstract 
 
Understanding the origin of splitting of valance band is important since it governs the 
unique spin and valley physics in few-layer MoS2. With first principle methods, we explore 
the effects of spin-orbit coupling and layer’s coupling on few-layer MoS2. It is found that 
intra-layer spin-orbit coupling has a major contribution to the splitting of valance band at K. 
In double-layer MoS2, the layer’s coupling results in the widening of energy gap of splitted 
states induced by intra-layer spin-orbit coupling. The valance band splitting of bulk MoS2 
in K can follow this model. We also find the effect of inter-layer spin-orbit coupling in 
triple-layer MoS2. In addition, the inter-layer spin-orbit coupling is found to become to be 
stronger under the pressure and results in the decrease of main energy gap in the splitting 
valance bands at K.  . 
 
Introduction 
A new class of 2D materials, the single-layer and/or few-layer of hexagonal transition 
metal dichalcogenides (h-TMDs), have attracted broad attentions due to the extraordinary 
physical properties and promising applications in electric and optoelectronic devices
1-5
. As 
the prototypical 2D materials, single-layer h-TMDs are direct band gap semiconductors 
with spin-splitting at valance band maximum which is much different from graphene
6-9
. 
This promises a chance to manipulate the spin degree of freedom and valley 
polarization
10-12
. In addition, with extreme dimensional confinement, tightly-bound 
excitons and strong electron-electron interactions due to weak screening, h-TMDs have 
been ideal low-dimensional compounds to explore many interesting quantum phenomena
11, 
13-16
, such as spin- and valley- Hall effects and superconductivity
17-19
. There are also a lot 
of fascinating optical properties in single-layer h-TMDs, such as the strong band gap 
photoluminescence at edge
5
, surface sensitive luminescence
20, 21
 and strain-controlled 
optical band gap
22-25
, and so on.  
    Among these h-TMDs, MoS2 is a representative. Bulk MoS2 is a layered compound 
stacked with the weak van der Waals interaction
26
. Due to the highly anisotropic 
mechanical property, it is used in dry lubrication. It has also made the interest due to the 
special catalytic activity from its edge
27
. In each layer of MoS2, there are three atomic 
layers with a center layer of Mo around S layers in both sides. The states near band gap are 
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well-known to be mainly from the d-orbitals of Mo
28
. There is a priori proposal that the 
layer’s coupling is possible to have a very weak effect to the states near band gap. Bulk 
MoS2 is an indirect-gap semiconductor with a band gap of 1.29 eV. However, following the 
reduction of layers to sinlge-layer, there is a transition between indirect band gap and direct 
gap
3
. The single-layer MoS2 is found to have a direct band gap of about 1.8 eV
5, 29
. 
Therefore, the layer’s coupling has a strong effect to the states near band gap with recent 
reports
30
. Especially, the states of valance band top at  point (VB-) and conduction band 
bottom along Λ (CB-Λ) is much sensitive to the layer’s coupling (LC). Compared with the 
states of VB- and CB- Λ, the LC effects on the states of valance band top and conduction 
band bottom at K point (VB-K, CB-K) are very weak. Therefore, there remains an open 
question about the origin of the splitting at valance band of K point which governs the 
unique spin and valley physics. In the single-layer limit, the splitting can be attributed 
entirely to spin-orbit coupling (SOC). In bulk limit, it is considered to be a result of 
combination of SOC and LC. However, there is disagreement about the relative strength of 
both mechanisms
31-37
.    
    In the work, we explore the effect of SOC on few-layer MoS2 with the rule of LC by 
first principle methods in details. We analyze the splitting of states at VB-, VB-K CB-Λ, 
and CB-K and explore the change of splitting by following the increase of distance of both 
layers for double-layer MoS2. It is found that intra-layer SOC (intra-SOC) has a major 
contribution to the splitting at VB-K, while LC can open effectively the degeneracy of 
states at VB-K. With the analysis of charge distribution in real space, the double- 
degeneracy of states at the valance band maximum of K point, which isn't broken due to 
the inter-layer inverse symmetry for both layers which results in the forbidding of 
inter-layer SOC, are mainly from the spin-up state of first-layer and spin-down state of 
second layer. For triple-layer MoS2, the LC with inter-layer SOC due to the absence of 
inter-layer inverse symmetry in three-layer system makes the splitting complicated. The 
intra-layer SOC results in two main bands splitting, while in each main band, the 
triple-degeneracy is broken mainly due to the inter-layer SOC. With the pressure, it is 
found in double-layer MoS2 that the double-degeneracy of states in each main band isn’t 
broken when the splitting of both main bands is increased due to the strengthening of LC. 
For triple-layer MoS2 under large pressure, the splitting of triple-degeneracy in each main 
band is very obvious. 
 
Computational Method 
The present calculations are performed within density functional theory using 
accurate frozen-core full-potential projector augmented-wave (PAW) pseudopotentials, as 
implemented in the VASP code
38-40
. The generalized gradient approximation (GGA) with 
the parametrization of Perdew-Burke-Ernzerhof (PBE) and with added van der Waals 
corrections is used
41
. The k-space integrals and the plane-wave basis sets are chosen to 
ensure that the total energy is converged at the 1 meV/atom level. A kinetic energy cutoff of 
500 eV for the plane wave expansion is found to be sufficient. The effect of dispersion 
interaction is included by the empirical correction scheme of Grimme (DFT+D/PBE)
42
. 
This approach has been successful in describing layered structures
43, 44
.  
The lattice constants a and c of bulk MoS2 are 3.191 Å and 12.374 Å which is similar 
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to that from the experiments (3.160 Å and 12.295 Å). For the different layered MoS2, the 
supercells are constructed with a vacuum space of 20 Å along z direction. The Brillouin 
zones are sampled with the Γ-centered k-point grid of 18181. With the state-of-the-art 
method of adding the stress to stress tensor in VASP code
39, 40
, the structure of bulk MoS2 
is optimized under a specified hydrostatic pressure of 15GPa. With these structural 
parameters from bulk MoS2, the double- and triple-layer MoS2 structures under the 
pressures are constructed. The electronic properties can analyzed with and/or without 
spin-orbit coupling to explore the band splitting near band gap. The calculated band gap of 
single-layer MoS2 without the consideration of spin-orbit interaction is 1.66 eV and less 
than the experimental report of about 1.8 eV. Obviously, the band gap from PBE is 
underestimated as in common in usual density functional calculations. Though the band 
gap is underestimated by PBE, the band structure near Fermi level doesn’t have obvious 
difference from that from other many body methods. 
 
Results and discussion 
    The structure of single-layer MoS2 has the hexagonal symmetry with space group 
P-6m2. The six sulfur atoms near each Mo atom form a trigonal prismatic structure with 
the mirror symmetry in c direction. Obviously, the reversal symmetry is absent, and the 
intra-SOC in the band structure becomes to be free. An obvious band splitting on the 
valance band maximum around K (K’) point has been observed and is contributed to the 
SOC. In addition, the SOC also results in the band splitting on conduction band minimum 
around Λ point, while the splitting at VB- and CB-K is not opened. The states of VB- 
and CB-K are contributed mostly from dz
2
 orbital of Mo and the effect of the spin-orbit 
effect is very weak. At the same time, the states of VB-K and CB-Λ are mainly from dx
2
-y
2
 
and dxy orbitals of Mo and the spin-orbit effect on Mo can be revealed in the case of the 
absence of reversal symmetry. The band splitting at VB-K (149 meV) is larger than that at 
CB-Λ (about 79 meV). It may be that the distribution of change (or wave function) at 
CB-Λ around Mo atoms in xy plane is more localized than that at VB-K30. We also notice 
that the charge distribution of spin-up state is much different from that of spin-down state 
at VB-K. The spin-down state around Mo is more localized than the spin-up state.  
    For double-layer MoS2, the interaction between two layers becomes important to the 
states near Fermi level. One of much evident effects is the direct band gap (K-K) of 
single-layer becomes to be indirect band gap (-K) due to the uplift of state at VB-. It can 
be ascribed to large band splitting (0.618 eV) at VB-. It is also observed that the band 
splitting at the conduction band bottom around  is about 0.352 eV. However, without the 
consideration of SOC effect, the band splitting at VB-K is just 73.8 meV. The difference of 
LC’s strength of different states at VB-, VB-K and CB- is ascribed to the charge 
distribution near sulfur atoms. The large contribution of charge on sulfur atoms for the 
states at VB- makes the LC to become easier30. The weak LC at VB-K may make the 
SOC important. In order to explore the rules of SOC and LC in double-layer MoS2, we 
calculated the change of band structures by following the change of distance between both 
layers with and without the consideration of spin-orbit effect. As shown in Fig. 1, the band 
splitting including that at VB-, VB-K and CB- approaches zero quickly following the 
increase of distance, especially that of VB-K, if the spin-orbit effect is not considered. With 
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SOC, the band splitting at VB-K and CB- converge towards some constants (about 149 
meV and 79 meV), while the band splitting at VB- approaches zero. Obviously, there is 
no spin-orbit effect at VB-. With the large distance between both layers, the effect of LC 
can be ignored and the splitting is from SOC. 
    It has been well-known that the spin-up and spin-down states at VB-K’ are reversed 
by compared with that at VB-K in single-layer MoS2. For double-layer MoS2, both 
splitting bands at VB-K are two-degeneracy. As shown in Fig. 2c, the upper band of both 
bands is composed by the spin-up state of first layer and spin-down state of second layer 
(~|1, ~|2). The lower band is with the spin-down state of first layer and spin-up state of 
second layer (~|1, ~|2). Obviously, the energies of spin-up and spin-down of second 
layer at VB-K are reversed by compared with that of first layer. Since there is reversal 
symmetry for double-layer system, the energies of states |1 and |2 with same energy 
cannot be split due to the absence of inter-layer SOC (inter-SOC). Therefore, we can 
understand the splitting at VB-K based on the intra-SOC and LC with the theoretical model 
shown in Fig. 2a. Because of the splitting of intra-SOC, the energies of |1 and |2 are 
very different. This reduces largely the coupling of both states due to layer’s interaction. 
From the band splitting value (166 meV) of double layer at VB-K, the increased splitting 
from LC effect is about 17 meV and is much less than that (73.8 meV) from LC without 
the consideration of spin-orbit effect. For the spin-down channel, the mechanism of band 
splitting is same to that of spin-up channel. Therefore, the contribution of intra-SOC (149 
meV) to the band splitting at VB-K is much larger than that of LC. The same mechanism 
about the splitting at VB-K (shown in Fig. 2a) can be used for bulk MoS2. The contribution 
of LC is increased to about 59 meV since the band splitting at VB-K is about 0.208 eV. If 
no considering the spin-orbit effect, the band splitting due to LC is about 145.7 meV which 
much similar to the value from SOC(149 meV) in single-layer. This may be the reason that 
there is disagreement about the relative strength of both effects in bulk limit. Based on the 
model mentioned above and analysis, the intra-SOC effect is the main mechanism for the 
splitting at VB-K in bulk limit.  
    For triple-layer MoS2, the band splitting near band gap is complicated, since there are 
three states from three layers which are coupling with each other and hybridized with 
possible inter-SOC. For the states at VB-, there is no SOC effect and the three degenerate 
states will be splitting due to LC. It is found that the two splitting values (
1
 and 
2
 in 
Fig. 3a) which control the relative energy difference of three states after the hybridization 
are 0.293 eV and 0.502 eV, respectively. The much different value of both splitting implies 
that there is strong coupling between first layer and third layer since both splitting values 
should be equivalent if the nearest-neighbor interaction is just considered for the three 
degenerate states. Without the consideration of spin-orbit effect, the splitting values at 
CB- (
1
 and 
2
) are 0.241 eV and 0.225 eV and that at VB-K (K
1
 and K
2
) are 49 
meV and 55 meV, respectively. Based on the nearest-neighbor LC strength (73.8/2 meV) at 
VB-K from double layer, the LC strength between first-layer and third layer of triple layer 
is about 2 meV at VB-K and may be ignored. Therefore, we propose a coupling model 
based on the intra-SOC and nearest-neighbor LC, as shown in Fig. 3c. With this model, the 
spin-up and spin-down bands of each layer are splitted by the intra-SOC. Then the LC will 
perturb these states for each spin channel. For example, the spin-up states are composed 
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with two degenerate upper states (|1, |3) and one lower state (|2) in Fig. 3c and LC 
will result in the splitting of two degenerate upper states with the increase of energy gap 
between |2 and |3. With the spin-up and spin-down channels together after LC, there 
should two main bands and each main band is composed with two degenerate states and 
one single states. The LC doesn't change the energy gap between the main bands. It is 
found that the energy gap ’SOC is 148.7 meV and similar to the splitting from intra-SOC 
(SOC =149 meV). However, it is interesting that the two degenerate states in each main 
band, such as the upper states ~|1 and ~|2 and the lower states ~|2 and ~|3, are 
splitted, as shown in the inset of Fig. 3c. In addition, it is found that the splitting values are 
so large (such as, 11.3 meV between ~|1 and ~|2) that the contribution of LC between 
first layer and third layer is not enough. We propose that the splitting of degenerate states 
in each main band is from the inter-SOC.  
    While the small pressure doesn’t induce the obvious splitting from intra-SOC in 
single-layer MoS2, it is possible there is strong effect to the splitting from inter-SOC in 
triple-layer MoS2. For double-layer MoS2, the inter-SOC is forbidden and the degenerate 
state in each main band isn’t opened and the energy gap between both main bands is 
increased with the strengthening of LC under the pressure in Fig. 4a. In triple-layer, the 
strengthening of LC under pressure should have the obvious effect, such as the increase of 
energy gap between ~|1 and ~|3 in Fig. 4c. Besides the enhanced LC effect, an 
apparent observation is the energy gap between main bands ’SOC has been decreased to 
135.8 meV under 15 GPa in Fig. 4b. This should be the typical evidence for the inter-SOC.   
 
Conclusions  
We study the band splitting at valance band maximum of multi-layer MoS2 by first 
principle methods in details. We propose a model based on the intra-layer spin-orbit 
coupling to solve the valance band splitting at K point of multi-layer MoS2 and bulk MoS2 
with the perturbation of layer’s coupling and inter-layer spin-orbit coupling. It is also found 
that the direct interaction between second near-neighbor layers is weak at VB-K. While the 
inter-layer spin-orbit coupling is forbidden in double-layer MoS2, this effect appears in 
triple-layer MoS2. Especially, under the pressure, the inter-layer spin-orbit coupling is 
raised with the decrease of energy gap between main bands from intra-layer spin-orbital 
coupling.  
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Fig. 1. 
 
 
 
Fig.1 Band structure of double-layer MoS2 calculated without spin-orbit coupling (a) and with spin-orbit 
coupling, and the changes of conduction band splitting () at  point and valance band splitting at  
point () and K point (K) following the distance between two layers of double-layer MoS2, calculated 
without spin-orbit coupling (c) and with spin-orbit coupling (d). Note the red circles in Fig. 1c and d 
represent the data from the equilibrium (or stable) state (ES) and the dot and dash dot lines present the 
conduction band splitting () at  point and valance band splitting (K) at K point of single-layer 
MoS2, respectively. 
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Fig.2  
 
 
 
Fig. 2 Schematic of valance band splitting of valance band maximum at K point due to the spin-orbit 
coupling in the each layer (intra-SOC) and layer’s coupling (LC) in band structure of double-layer MoS2 
(a), schematic structure of double-layer MoS2 (b), the isosurface of band-decomposed charge density of 
four states at valance band maximum of K point including the states ~|1, ~|2, ~|1  and ~|2 
shown in Fig. 2a after considering the effects of intra-SOC and LC. 
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Fig. 3 
 
 
 
Fig. 3 Band structure of triple-layer MoS2 calculated without spin-orbit coupling (a) and with spin-orbit 
coupling (b), Schematic of valance band splitting of valance band maximum at K point due to the 
spin-orbit (SOC) and layer’s coupling (LC) in band structure of triple-layer MoS2 (c). Note that in the 
inset of Fig. 3c, the band structure is plotted with two directions K and KM and the lengths for 
K and KM are the 1/10 of total lengths in the two directions, respectively. 
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Fig. 4 
 
 
 
Fig. 4 Band structures of double-layer MoS2 (a) and triple-layer MoS2 (b) under the pressure of 15 GPa 
calculated with spin-orbit coupling, and valance bands of triple-layer MoS2 under 15 GPa near K Point 
and the related schematic about band splitting due to the spin-orbit (SOC) and layer’s coupling (LC). 
 
 
 
 
